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Abstract 

A series of testa ia currently being conducted 
using the DOE/NASA 100 kW Experimental Wind Tur- 
bine with a two-bladed, teetered rotor with 30% 
span tip control. Preliminary evaluation terr 
reaulta indicates that the teetered rotor signifi- 
cantly decreases loads on the yaw drive mechanism 
and reduces blade cyclic i lapwiue bending moments 
by 25% at the 20% span location when compared to 
rigid hub rotor. The teetered hub performed well 
but did impact the teeter stO| » on occasion as 
wind speed and/or direction v/ ried rapidly. Thu 
tip-controlled rotor puriormed satisfactorily with 
some expected loss of control ■hsn compared to the 
full span pitchablu blade. The performance re- 
sults indicate that a review of techniques used to 
calculate rotor power is in order, 


Int roduction 

The Mod-0 100 kW Experimental Wind Turbine 
located near Sandusky, Ohio, hnn served nil the 
test bed for the U.S. Large Horizontal Axis Wind 
Energy program since ilB initial operation in 
10? 5, The machine was designed and fabricated and 
has boon operated by the NASA Lewis Research 
Center under the direction ot the U.S. Department 
of Energy. Many concepts currently used in large 
horizontal axiB wind turbine designu were initial- 
ly evaluated on the Mod-0 machine. 

The teetered, tip-controlled rotor testa con- 
tinue this tradition and are designed to obtain 
operating experience with the same type of votin' 
which will be uBcd on the Mod-2, 2,5 MW Wind Tur- 
bine currently under const ruction. TestB wore 
conducted on the teetered, tip-controlled rotor to 
determine startup, shutdown and power control 
characteristics and nerodynnmic performance of the 
tip-controlled rotor and the response of the tee- 
tered rotor under normal operation. The hub was 
designed with the capability for converting the 
teetered hub to u rigid hub and tests were run in 
the rigid hub mode to provide data for comparing 
rigid and teetered hub blade loads. 

Preliminary data presented in this paper de- 
scribe teetered rotor response, a comparison of 
blade bonding moments and yaw loads for teetered 
and rigid hub operation and performance of the 
tip-controlled rotor ns it relates to power output, 

Test Conf igurat ion 

The teetered, tip-controlled rotor tests were 
conducted on the Hod-0 100 kW Experimental Wind 
Turbine which hns been described previously, W2 
The wind turbine with the exception of the rotor 
was essentially unchanged and is depicted in 
Fig. 1. The rotor is downwind of the tower and 
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the nacelle was tilted B-l/2 0 to provide tower 
clearance for the uncalled rotor. The rotor speed 
was 33 rpm with a drive train slip of 5.3% at a 
100 kW. Wind speed and nucelle yaw angle are mea- 
sured on the anemometur/windvaue mounted atop the 
nacelle as bIiowii in Fig. 1. 

Tower, The wind turbine is mounted on the 
Mod-0 open truss tower; however, an adjustable 
spring base has been added to provide capability 
tor simulating various tower flexibilities. 3 
The tower first cantilever bending frequency tor 
this test configuration waa measured to be l.b to 
1.7 Hz or 2,9 to 3.1 times the rotor speed at 
33 rpm. Tests are planned with the tower in a 
more flexible configuration. The flexible tower 
base adds 3 feet to the nacelle centerline height 
placing it 103 feet above the ground at the tower 
centerline. A sketch of the wind turbine mounted 
on the tower with the flexible base is shown in 
Fig. 2, This figure uIbo presents parameter defi- 
nitions and sign conventions pertinent to the 
paper. 

Rotor. The teetered, tip-controlled rotor ib 
depicted in Fig. 3, The rotor is unconed. The 
blades havu a 23% root cutout and a JUX span 
pitchable tip. The blade section is a NACA 23026 
airfoil from root to tip. Speed and power control 
is achieved by pitching the blade tip about its 
25% chord point. The tip is capable ot pitch 
angle changes from + 10O to -90° or the full 
feather position. The tip is driven by a hydrau- 
lic actuator and the rotor is stopped by feather* 
ing the blade tip at a rate of 2° per second. 

Rotor and blade characteristics are presented in 
Table 1. 


Tab le 1 - Rotor Characte r! sties 

Rotor diameter, ft 126,5 

Root cutout, % span. ..... 23 

Tip control, % span 30 

Ulade pitch, inb'd section, deg. .... Eero 

Airfoil (root to 4 tip) NACA 23026 

Taper Linear 

Twist, deg Zero 

Solidity 0.033 

Prcconu, deg Zero 

Max. teeter motion, deg. . . *e 

Kotor speed y 100 kW, rpm 33 

Drive train slip y 100 kW, percent .... 5.3 

ulade weight, lb 6000 

Blade Lock number ........... 6.5b 

Blade first cantilever bending frequency 

Flapwisc - Hz 1. 76 

Edgewise - Hz . , . , 1, yo 


The teetered hub is depicted in Fig. 3 and was 
designed to mate with the Mod-0 low speed shaft at 
the original hub-shaft interface. The hub has the 
capability of operating as a rigid as well as a 
teetered hub. The change from teetered to rigid 
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hull m accomplished by replacing the robber faced 
tauter stuns with cloae fitting s;eel invert* 
which lock out the teeter motion. Thu feature 
wn* used to obtain a direct comparison butwenn 
rigid and teetered hub blade bunding moments. 

Thu teetered hub provide* capability tor ap- 
proximately ♦o'' pf teeter motion with tniUni 
contact with the atop occurring at approximately 
•=5.8°, The BtupB were designed to be easily 
replaceable should they become damaged or worn 
during the test program and this feature baa been 
used several times date. 


Tost Results 

The teetered, tip-controlled rotor tustB were 
designed to define the operating characteristics, 
teeter motion, blade loads, and the performance ot 
the rotor. Operating characteristics such as 
startup und shutdown, response to guuts, ote., are 
determined by review of time history data which 
describe the event and the remainder, including 
teetered hub response, loads and rotor perfor- 
mance, is described by statistical analysis of a 
large sample of operational data/' Ideally this 
data sample should be distributed over the operat- 
ing wind speed range from cut-in wind speed to 
cut-out wind speed with equal operating times at 
each wind speed, We presently fool that 4-1/2 to 
5 hours of operational data, well distributed over 
the operational wind speed range, would adequately 
describe normal wind turbine aerodynamic perfor- 
mance and loads. The results presented in this 
paper are based on over 5 hours of operational 
data but the sample is deficient in high wind 
tlsta; however, results presently available appear 
to indicate the general trend of the data. 

Four aspects of the test results are discussed 
in this papers teetered rotor response, compari- 
son of rigid and teetered hub blade bunding mo- 
ments, yaw loads and rotor performance and control. 

Teetered rot or response . Teetered rotor re- 
sponse, is based on a statistical evaluation of 
5 hours of operational data and the results are 
presented In Fig. 4 in derma of eyelie teeter 
angle versus average wind speed and cyclic teeter 
angle versus average nacelle yaw angle. (In these 
plots and those following, a cyclic value is 
defined ns one half the ponk-to-peak amplitude ot 
a variable over a given rotor revolution. Mean 
value is one halt of the sum of the maximum value 
and the minimum value of a variable over a rotor 
revolution and average value is the average of all 
ValueB of the variable over u rotor revolution.) 
Figure 4 also gives the distribution of the data 
contained in the sample over the range of the 
independent variables showing the number of data 
points at each wind speed or yaw angle. Cyclic 
teeter angles increase as wind speed increases and 
ns nacelle yaw increases. This trend is more pro- 
nounced in the maximum values than with the median 
or 84 percentile data. Also an impact with the 
teeter stop was indicated at a wind speed ot be- 
tween 20 und 25 mph and nt yaw angles of between 
20° and 30°. The data sample did not include 
adequate data at the higher wind speeds but there 
appears to be a reduction in teeter angle as wind 
speed increases above 25 mph. The wind data in 
the sample is more stable directionally as wind 
speed increases and this couLd explain some of 


tills reduction in teeter response at higher wind 
speeds. 

The variation in teeter angle as the nacelle 
yaw angle increases is to be expected in that 
positive yaw angles tend to add to the effect of 
wind shear and tower shadow. Both conditions 
cause the plane of the rotor to tilt slightly up- 
wind on the side ot the ascending blade. 

The data was sorted further by uacellu yaw 
angle and plotted versus average nucellu wind 
spued. These results are presented in Fig. 5 and 
show the effect of wind speed on teeter response 
for various ranges of yaw angle. The figure is 
arranged to indicate the effect of increasing yaw 
angle, progressing from negative yaw angles to 
positive yaw angles. The median value ot the cy- 
clic teeter angle increases as the yaw angle be- 
comes more positive and the most positive yaw 
angles, +15° to +50°, produce teeter response 
which increases sharply as wind spued increases. 
Cyclic teeter angles are the smallest in the yaw 
angle range of -15« to -5° indicating that the 
optimum off wind operating point may lie in this 
range, but the data indicate that high teeter 
angles can be expected on occasion nt any yaw 
angle when the wind speed is above 15 mph. In 
this five hour data sample, cyclic teeter angles 
of 5° or more were experienced in each yaw angle 
range except -150 to -5° (Fig. 5(b)). 

A time history of the rotor impacting the tee- 
ter stops is shown in Fig. 6 . This particular 
event wau chosen over approximately ten other such 
events which have occurred during the test program 
because it was one of the most severe impacts re- 
corded and the wind conditions typify the windB 
associated with high teeter response in that they 
are highly variable. JuBt prior to the high tee- 
ter response the wind Bpucd increased from seven 
mph to 25 mph in seven ueeomlB and during the per- 
iod of low wind speed the wind vane indicated yaw 
angles of -240, +320 and -24° in a period of 
five seconds. Also, during the entire time his- 
tory of the event, the average yaw angle was be- 
tween -15° and - 20 °. 

Ab the teeter angle increased, Coriolis forces 
become evident as twice per revolution power os- 
cillations on the alternator power trace and these 
oscillations approach 60 kW poak“to-peak at the 
time when the rotor is impacting the stops. Also, 
as the rotor impacts the teeter stops, the yaw 
shaft torque increases to 200 000 in-lb, the oper- 
ating limit of the yaw drive indicating that sig- 
nificant yaw forces are transmitted to the wind 
turbine nacelle by the rotor contact with the tee- 
ter stop. For comparison, less than 50 000 in-lb 
of yaw shaft torque are required to yaw the 
machine with the yaw drive. 

The rotor impact condition is not fully under- 
stood nt this point. The wind data taken on the 
nacelle does not indicate a direct cause and ef- 
fect relationship and present analytical tech- 
niques do not describe rotor response to transient 
phenomenon. The large increase in torque oscilla- 
tions nt the point of teeter stop impact, compared 
to that experienced juBt 13 second- earlier, is 
probably due to added teeter angle velocity caused 
by rebound after the rotor hits the teeter stop. 
Also, average rotor power is less than 100 kW even 
though the indicated wind speed is well above 20 
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mph, Thin could be the result ot aenulynamie 
losses caused by high blade t lapping velocities. 

The power oscillation* caused bv the Coriolis 
acceleration are reduced by the lluid coupling 
which introduce* 5. JS ot *lip nr the drive train 
at 10U kW. These pove* oscillation* would ap- 
proach + 100 kW for 11 igid drive tram with 
ib 1 ’ of teeter motion. 

A abort t«*t waa run with the teetered rotor 
to determine how the rotor tilta with the wind 
turbine at various yaw angles relative to the 
wind. For this test the machine yaw controller 
was shut oft and the wind turbine was set at azi- 
mutha to produce average yaw angles ol -JO", 

Oo and +30°. With the wind turbine azimuth 
held constant the rotor position at which the 
blade tip is at us maximum upwind position was 
determined. For the downwind rotor this upwind 
position indicates the point Ol closest travel to 
the tower. Approximately SO rotor revolutions 
were included at each wind turbine azimuth and 
winds ranged from 15 to at) mph during the teat. 

The results are shown in Fig. ? which indicates 
the region over the rotor drak where the blade tip 
achieved its maximum upwind position tor each 
average yaw angle. The median and the region 
which contains 68* ol the data is also indicated. 
Negative yaw angle* are most critical trom the 
viewpoint of tower clearance lor this downwind 
rotor rotating in the direction indicated, 

During startup and shutdown the teetered rotor 
hit the teeter stops at rotor speeds below 15 or 
20 rpm. Therefore) teetered hub designs should 
provide a lock-out device or make other provisions 
for handling low speed operation. 

Roto r loiidjt . Illade bending moments measured 
ill the’ test are presented in Figs. 8 and 9 showing 
the flapwise and chordwiso moments at blade sta- 
tion 151, (Flapwise bending occurs when the blade 
moves perpendicular to the plane ot the rotor disk 
and chordwisc bending iB bending in the plane ol 
tlie rotor disk.) The bonding moments are pre- 
sented ns mean and cyclic moments versus average 
nacelle wind speed, The bonding moments were mea- 
sured at blade station 151, Pig. 3 ( and tor the 
lower wind speeds a comparison ot rigid and tee- 
tered hub bending moments is shuyn. 

The mean value o£ flapwise bending increases 
in value ns thrust on th rotor increases until 
rated wind speed is re, .*cd, at which point the 
bending load decreases as Clio direst on Clio rotor 
In decreased to ingincain constant power, ns the 
wind speed continues to increase. The mean chord- 
wise bending moments increase as the power in- 
creases to rated value and remains at this level 
providing constant rotor torque from rated wind 
speed to cut-out wind speed. 

Blade moments for the rigid hub case and the 
teetered hub cnBe show 110 appreciable difference 
in the mean flapwise moments and in the chordwise 
moments. However, the teetered rotor case shows a 
decrease of approximately 255; in the cyclic Clap- 
wise moment in bo'll the median and the Hath per- 
centile values when compared to the rigid hub mo- 
ments. This is due to the fact that in the tee- 
tered rotor case a portion of the flapwise moments 
are Converted into teeter motion and are resisted 
by distributed aerodynamic ami inertia forces. 


Flapwise blade bending moments were also mea- 
sured at station 5ul on the blade moveable tip but 
the'ngid hub and teetered hub blade moments were 
essentially the same at this outboard station. 

,Vaw load*. In testing Che two configurations, 
rigid hub and teetered hub, a significant ditter- 
ener was noted in the toree required to restrain 
the machine in yaw, For the rigid hub case, a 
constant yaw brake preasure ot jOO to 600 psi was 
required to obtain satisfactory operation of the 
machine whereas tor the teetered hub rotor case 
the wind turbine could be operated satistnccorily 
without the yaw brake. However, the machine with 
the teetered hub was visually operated with a yaw 
broke preasure of 50 psi and, in isolated in- 
stances when the teetered hub rotor hit the stops, 
significant torces were transmitted to the yaw 
drive as indicated above. 1C adequate freedom for 
teeter motion were allowed in the design, the yaw 
brake would be unnecessary. 

Rotor perforroanee^and cont rol . Measured power 
output versus average nacelle wind spued is pre- 
sented in Fig. 10. The rotor performed well over 
the operating range of wind speeds and no problems 
were experienced with startup, control or shutdown 
ol the rotor. However, rotor startup and shutdown 
were slower than with a full span pitchable 
blade. Data will lie available at a later date 
defining startup and shutdown characteristics in a 
more quantitative manner. 

The program used to calculate rotor power 1 ’ 
indicated chat the rotor would not maintain roted 
power output at wind speeds above 29 mph due to 
the onset of stall on inboard portions of the 
blade at higher wind speeds. The program uses two 
dimensional airfoil data which bIiowb the onBct ol 
stall at section angles ot attack ol 15.5°, If 
thia were the case, the entire blade would be 
stalled at .13 rpm and 60 mph with a zero tip pitch 
angle. The results of the calculations are shown 
in Fig. 10 with the power dropping oil to zero at 
35 mph. The Mod-o tests did not indicate any 
tendency to lose power at higher wind upends and 
alternator output power remained at 100 KW 
throughout the operating wind speed range to 
60 mph. Blade pitch angles were continuously de- 
creased as the wind speed increased up to 60 mph. 
Figure 11 shows these results out to a wind Bpeed 
of 33 mph and later test results indicate that the 
trend continues to 60 mph. The test results 
clearly indicate that modifications to the rotor 
power program are required in the high wind speed 
region to account lor the delayed stall which oc- 
cura in the real world. 


Conclusions 

Preliminary evaluation ot the teetered, tip- 
control rotor tests on the Mod-0 100 kW wind tur- 
bine load us to die following conclusions based on 
the. test results. 

1. The teetered voter reduced cyclic flapwise 
moments by 25* at 20* of the blade span when com- 
pared to rigid hub moments measured at the same 
location. No change was noted in cyclic flapwise 
momenta at 72t of span. 
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2. It it estimated that the teetered rotor 
reduce* yaw loade by an order of Magnitude when 
compared with the rigid hub rotor. The yaw brakei 
required for satisfactory rigid hub operation, is 
not required with the teetered rotor. 

3. Teeter angle amplitude* rarely exceeded 
-3° in *teady wind condition*! however, when 
sudden change* in wind speed and/or direction oc- 
curred, the teeter angle amplitude* occasionally 
increased to lb° and hit the teeter atop* 
transferring high load* to the nacelle and the yaw 
drive. Provisions must be made for handling these 
extreme conditions in future designs. Predicting 
maximum teeter motion 1* the most critical design 
problem. 

4. A teeter lockout device should be provided 
for low rpm operation during startup and shutdown 
conditions. 

5. The 302 span tip control rotor performed 
satisfactorily with some expected loss in control 
as demonstrated by slower startup and shutdown 
when compared to a fully pitchable blade. 

6. Techniques for calculation of rotor power 
should be reviewed. Test results indicate that 
stall predictions from two dimensional eirfoll 
data are inadequate for predicting stall on an 
operating wind turbine rotor. 
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STATION 151 
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Figure 8. - Comparison of blade flapwise bending moments, 
teetered and rigid hub at Station 151. 
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